Background: Assessment of the penetrance of disease-causing mutations is extremely important for developing clinical applications of gene discovery, such as genetic testing and counseling. Mutations in the leucine-rich, glioma inactivated 1 gene (LGI1) have been identified in about 50% of families with autosomal dominant partial epilepsy with auditory features (ADPEAF), but estimates of LGI1 mutation penetrance have ranged widely, from 50 to 85%. The current study aimed to provide a more precise estimate of LGI1 mutation penetrance.
other forms of familial temporal lobe epilepsy. 15, 16 More than 20 disease-causing mutations have been reported, 17 almost all of which have been unique to an individual family. Germline mutations in LGI1 are seldom found in individuals with symptoms consistent with ADPEAF who do not have a family history. 18, 19 Two de novo mutations have been identified among about 77 isolated cases screened (2.6%). 20, 21 Inheritance follows an autosomal dominant pattern and most cases have an affected parent. Children of affected individuals who have a mutation in LGI1 have a 50% chance of inheriting the mutation, but penetrance is reduced, and thus the probability that an off-spring who inherits a mutation will develop epilepsy is less than 100%. Previous estimates of LGI1 mutation penetrance have ranged widely, from 50% to 85%. Three studies of individual large families reported estimates of 71%, 1 80%, 2 and 60 -84%. 8 In an analysis of eight families, we previously estimated a penetrance of 54% after controlling for ascertainment bias by including only family members that did not lead to family selection. 6 In another study of six of these families, we estimated a much higher penetrance (85%) using a statistical model that also attempted to control for ascertainment bias, this time by looking at gene carriers among unaffected individuals. 22 Table 1 LGI1 mutation penetrance in 24 published pedigrees †Families are listed in order of the mutated nucleotide (numbered from the initiation site). ‡Same mutation reported in two families, from Norway and Italy. 8 ,14,28, 29 § Reported to be from the same geographic area and to have the same mutation as Family 14. 5 Reported in error as 1320CϾT 5 , 13 (personal communication, J. Perez-Tur).
Each of these previous penetrance estimates was limited by small sample size, which led to imprecision in the estimates. In the current study, we aimed to derive a more precise estimate by analyzing data from all 24 previously published families with ADPEAF and mutations in LGI1. We also attempted to assess the impact of biased selection of families for study, by examining the effect on the penetrance estimate of the number of affected individuals in the family. Finally, we examined whether penetrance was related to the location of the mutation within the gene, the predicted impact of the mutation on the encoded protein (truncating or missense), or sex or generation, within the published pedigrees.
METHODS We reviewed the literature to identify families with ADPEAF caused by mutations in LGI1. 1, 2, [4] [5] [6] 8, [12] [13] [14] [15] [23] [24] [25] [26] [27] [28] [29] To estimate penetrance in the previously published families, we used the information from the published pedigree figures to determine the proportion of obligate carriers who were affected. Obligate carriers were defined as individuals who were inferred to have carried an LGI1 mutation because they had one or more affected offspring. Our rationale for selecting obligate carriers for analysis was that they were likely to have been included in the pedigrees regardless of their disease status, unlike other family members who were more likely to be included if they were affected. Restriction of the analysis to obligate carriers therefore avoided the selection bias that would have occurred if all family members had been included. It also ensured that the individuals included in the analysis had passed through the age period of risk, since all of the obligate carriers had had an affected child. However, our method did not eliminate the bias resulting from inclusion of only multiple-case families for analysis. 30 Some of the families had been included in more than one publication (table 1) ; when this occurred, we selected the pedigree figure with more complete clinical information for analysis. We abstracted information from each pedigree and compiled it into two databases. The first database (table 1) contained familylevel variables: 1) the total number of individuals in the family as shown in the published pedigree, 2) the total number of affected individuals (defined as any form of idiopathic epilepsy), 3) the total number of obligate carriers, 4) the number of obligate carriers who were affected, and 5) the specific mutation in the family, classified according to the exon containing the mutation and the predicted effect of the mutation on the gene's protein product (truncating or missense). The second database (table e-1 on the Neurology ® Web site at www.neurology.org) contained individual-level variables for each obligate carrier: 1) gender, 2) affection status (idiopathic epilepsy, yes or no), and 3) generation within the pedigree.
We calculated penetrance as the proportion of obligate carriers who were affected, individually for each family and for all families combined (table 1). The 95% CI for each penetrance estimate was computed as the simple CI for a proportion. We assessed whether penetrance in different families was associated with either the total number, or proportion, of individuals with idiopathic epilepsy in the family, or with the mutation type or location within the gene. Finally, using the individual data for obligate carriers in all families, we estimated penetrance separately for males and females, and for different generations within the families.
RESULTS
We included data from 24 published pedigrees containing a total of 574 individuals, excluding married-in individuals, of whom 177 (31%) had idiopathic epilepsy. Eighty-seven (15%) of the 574 family members were obligate carriers of LGI1 mutations, of whom 58 were affected, yielding an overall penetrance estimate of 67% (58/87) (table 1). The 95% CI for this estimate was 55-77%. Penetrance estimates for individual families ranged from 0 to 100%, and averaged 69% Ϯ 6% (SEM) (table 2).
Penetrance was greater among families with more affected individuals (table 2), but this trend was not significant. The results were similar when we analyzed penetrance according to the proportion (rather than the total number) of affected individuals in the family (data not shown). We also found no difference in penetrance between families with truncating and missense mutations (p ϭ 0.98, analysis of variance [ANOVA]), or among families with mutations in different exons (p ϭ 0.72, ANOVA) (table 2).
In the analysis of the individual-level data (table  3) , we examined gender in two ways. First, we assessed the distribution of gender among obligate carriers, to test for a parent-of-origin effect, i.e., a difference in the likelihood that an affected offspring Table 2 LGI1 penetrance in different families, by number of affected family members, mutation type, and exon containing mutation Penetrance increased from earlier to later generations (table 3, p ϭ 0.04, 2 test for trend). Most of this effect appeared to be due to lower penetrance in the first generation. DISCUSSION Our analysis of data from 24 published families with LGI1 mutations yielded a penetrance estimate of 67%, implying that an individual who carries an LGI1 mutation has a 67% chance of developing idiopathic epilepsy in his or her lifetime. This estimate is comparable to those of earlier LGI1 mutation penetrance reports, which have ranged from 50% to 85%, but has a narrower 95% CI (55-77%), reflecting its improved precision. This is invaluable information to individuals in families affected by the disorder, and should help in their decisions about whether or not to seek presymptomatic genetic testing. Although a risk of 67% may appear to be high, it also indicates that approximately one-third of mutation carriers will remain unaffected. Thus inheriting an LGI1 mutation is not sufficient to cause epilepsy, and some as-yetunidentified genetic or nongenetic factors must interact with LGI1 mutations to influence risk. Future research should focus on identifying these genetic or nongenetic cofactors.
Through analysis of the family-level data, we were able to investigate whether the number (or proportion) of affected individuals in each family was associated with LGI1 mutation penetrance. While the difference was not significant, penetrance was higher among families with a larger number of affected individuals. (In this analysis, affected individuals were not limited to obligate carriers, but included all affected individuals independent of carrier status.) This result is consistent with previous data showing inflation of penetrance estimates when they are based on data from families selected because of multiple affected individuals. 30 If a mutation is insufficient to cause disease by itself, penetrance will vary according to the frequency of the genetic and nongenetic cofactors that interact with mutations to cause disease. Families with more affected individuals are expected to have a higher prevalence of these cofactors than families with fewer affected individuals, and thus to have higher penetrance. This implies that our penetrance estimate of 67% is an overestimate of the true penetrance in the population. However, because of the rarity of mutations in LGI1, it would be very difficult to obtain an unbiased estimate in a sample unselected by family history of the disorder.
The published mutations have occurred throughout the gene without any notable clustering in any region or exon. (The greater number of mutations in exon 8 than in other exons is probably explained by the larger size of exon 8.) Almost all of the families had unique mutations in LGI1; the only exceptions were two Basque families reported to be from the same geographic region (which might have been related), 2, 5, 13 and two families of unknown relationship from different regions (one Norwegian, the other Italian). 8, 14, 28, 29 Thus it would have been impossible to evaluate the effects of any specific mutation on penetrance. However, we did examine whether penetrance varied according to the mutations' predicted effect on the protein (truncating or missense) or the mutations' location within the gene, and found no relationship of penetrance to either.
To investigate the etiology of ADPEAF further, we sought to determine if gender might modify the relationship between LGI1 mutations and disease. We found no evidence of a parent-of-origin effect in the transmission of mutations to affected offspring. Also, penetrance was nearly identical in males and females.
Our estimates of penetrance increased significantly from earlier to later generations. We do not believe this finding reflects genetic anticipation in Table 3 LGI1 penetrance by gender and generation within the family these families. Rather, it is primarily explained by a lower penetrance estimate in the first generation (54%, table 3) than in subsequent generations, which probably resulted from lack of information on disease status in founding individuals in the families. Selective inclusion of later generations in the published families if they contained affected individuals may have also contributed to the effect.
